Bacteria use three distinct systems for iron-sulfur (Fe/S) cluster biogenesis: the ISC, SUF, and NIF machineries. The ISC and SUF systems are widely distributed, and many bacteria possess both of them. In Escherichia coli, ISC is the major and constitutive system, whereas SUF is induced under iron starvation and/or oxidative stress. Genomic analysis of the Fe/S cluster biosynthesis genes in Bacillus subtilis suggests that this bacterium's genome encodes only a SUF system consisting of a sufCDSUB gene cluster and a distant sufA gene. Mutant analysis of the putative Fe/S scaffold genes sufU and sufA revealed that sufU is essential for growth under minimal standard conditions, but not sufA. The drastic growth retardation of a conditional mutant depleted of SufU was coupled with a severe reduction of aconitase and succinate dehydrogenase activities in total-cell lysates, suggesting a crucial function of SufU in Fe/S protein biogenesis. Recombinant SufU was devoid of Fe/S clusters after aerobic purification. Upon in vitro reconstitution, SufU bound an Fe/S cluster with up to ϳ1.5 Fe and S per monomer. The assembled Fe/S cluster could be transferred from SufU to the apo form of isopropylmalate isomerase Leu1, rapidly forming catalytically active [4Fe-4S]-containing holo-enzyme. In contrast to native SufU, its D43A variant carried a Fe/S cluster after aerobic purification, indicating that the cluster is stabilized by this mutation. Further, we show that apo-SufU is an activator of the cysteine desulfurase SufS by enhancing its activity about 40-fold in vitro. SufS-dependent formation of holo-SufU suggests that SufU functions as an Fe/S cluster scaffold protein tightly cooperating with the SufS cysteine desulfurase.
Iron-sulfur (Fe/S) clusters are one of the most ubiquitous and versatile cofactors employed by nature for catalyzing a variety of redox reactions or for serving as redox sensors in a broad range of regulatory processes (10) . Iron and sulfide are toxic for the cells in concentrations needed for spontaneous chemical Fe/S protein maturation. Hence, cells have developed complex biosynthesis machineries which are essential in vivo to assemble Fe/S proteins. Three phylogenetically distinct biosynthesis systems have been found in bacteria: ISC (iron-sulfur cluster), SUF (sulfur mobilization), and NIF (nitrogen fixation) (9, 11, 24) . The ISC machinery is the most widely distributed bacterial Fe/S cluster biogenesis system and is also present in eukaryotes (31) . In Escherichia coli a second system for Fe/S cluster assembly, SUF, is induced under conditions of iron limitation and/or oxidative stress, thus replacing the housekeeping ISC system for assembly of Fe/S proteins. In contrast, SUF was found as the exclusive Fe/S biogenesis system in mycobacteria (22) and Enterococcus faecalis (39) and hence may also serve as a constitutive system. Furthermore, SUF is present in plastids of green plants, resembling the situation found in their cyanobacterial ancestors (25, 53) . The NIF system is responsible for the dedicated maturation of the complex Fe/S protein nitrogenase involved in nitrogen fixation, e.g., in Azotobacter vinelandii. Some NIF genes are associated with anaerobic or microaerobic growth in Helicobacter pylori and Entamoeba histolytica (24) .
Common principles for Fe/S protein assembly in each system have been defined (30) . The de novo assembly of an Fe/S cluster occurs on scaffold proteins which transiently bind the Fe/S cluster before transfer to target apoproteins. Cysteine desulfurases such as IscS and SufS serve as sulfur donors, which acquire sulfur from free L-cysteine by pyridoxal-5Ј-phosphate-dependent desulfuration. The sulfur is transiently bound in the form of a persulfide to an active-site cysteine of the desulfurase and is subsequently transferred to the scaffold protein. Several SUF systems contain SufE, which specifically forms a complex with the cysteine desulfurase SufS (36, 42) . SufE enhances SufS activity significantly and assists the sulfur transfer to scaffold proteins. In this case the persulfide is transiently bound to SufE and not to the desulfurase. Recent studies show that the E. coli cysteine desulfurase CsdA is able to complement the SUF system and interacts with SufE if SufS is inactivated (50) . A general iron donor involved in Fe/S cluster assembly is not known yet; however, frataxin homologs in prokaryotes and eukaryotes are postulated to deliver iron to the scaffold protein IscU in the ISC system (5, 9, 31, 34) .
Several components have been suggested to act as scaffold proteins. U-type scaffold proteins such as bacterial NifU, IscU, and eukaryotic Isu1 preferentially bind [2Fe-2S] clusters. However, the assembly of [4Fe-4S] clusters was described to proceed by reductive coupling of two [2Fe-2S] clusters that bind successively to an IscU dimer (1) . A-type scaffolds like bacterial SufA or IscA can bind [2Fe-2S] clusters in their monomeric state and were found to be involved in the maturation of [4Fe-4S] proteins such as aconitase (17, 32, 47) . Overproduced IscA was also shown to bind mononuclear iron which could be used for Fe/S cluster assembly on IscU in vitro.
The ISC system characteristically contains the molecular chaperone pair HscA and HscB that are involved in Fe/S cluster transfer from the IscU scaffold protein to the target proteins. The Hsp70-type HscA specifically binds to a highly conserved LPPVK motif located near the third strictly conserved cluster-binding cysteine in IscU. Specific IscU-HscA complex formation was found to be necessary and sufficient to stimulate the ATPase activity of HscA (12, 21, 48) . The SUF system, in contrast, does not contain HscA and HscB chaperones in the suf gene cluster. Instead it comprises the SufBCD proteins. The SufC protein has intrinsic ATPase activity and forms a complex with SufB, a putative scaffold protein, and SufD (29) . The precise molecular function of the ATP-hydrolyzing SufBCD complex is not yet clear.
The best-characterized SUF system from E. coli contains the gene cluster sufABCDSE (5). However, many bacteria, in particular members of the phylum Firmicutes, contain a different suf gene cluster encoding sufCDSUB, which has been studied so far only by bioinformatic approaches (39, 46) . While SufS and SufBCD in the two gene clusters appear to be similar proteins, SufE is lacking in most Firmicutes and also in the mycobacterial and Thermotoga maritima SUF machineries (22, 24) . The additionally present SufU shares similarities with IscU of the ISC system (39) . The protein contains all three conserved cysteine residues involved in Fe/S cluster association and yet characteristically lacks the LPPVK motif, consistent with the absence of HscA and HscB proteins in sufCDSUB species.
In this study, we made use of the Gram-positive bacterium Bacillus subtilis to initiate functional analysis of the sufCDSUB genes in Fe/S cluster biosynthesis by genetic and biochemical approaches. In particular, since no functional information is available for SufU, we tested its putative role as an Fe/S scaffold protein. SufU was found to be crucial for cell viability and for Fe/S-dependent enzyme activities in crude cell lysates. In vitro cluster reconstitution with recombinant SufU indicated that SufU binds a labile Fe/S cluster which can be transferred to apo-Leu1 in a fast and efficient way, fully activating its catalytic function as a [4Fe-4S] cluster-dependent isopropylmalate isomerase. The B. subtilis SufU was found to activate the desulfurase activity of purified B. subtilis SufS. Our results suggest that SufS and the SufU scaffold protein closely act together in the Fe/S cluster biogenesis in B. subtilis.
MATERIALS AND METHODS
Strains and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Antibiotics for the selection of E. coli strains were used at the indicated concentrations: kanamycin, 50 g/ml; ampicillin, 100 g/ml. For the selection of B. subtilis strains, antibiotics were used at the indicated concentrations: kanamycin, 10 g/ml; chloramphenicol, 5 g/ml; tetracycline, 20 g/ml. Single colonies of B. subtilis strains were grown on LB or DSM (Difco sporulation medium) agar medium. For liquid culture experiments, strains were grown in Belitsky minimal medium without citrate (BOC-MM) using glucose or fructose as carbon source (45) . Due to the tryptophan (Trp) auxotrophy of B. subtilis 168, 0.005% (wt/vol) Trp was added to the minimal medium. For growth of the conditional mutants with integrated pX vector, 0.5% or 1% (wt/vol) xylose was added to the transformation and overnight cultures. E. coli strains were grown on LB agar and in LB medium. DNA manipulations and transformations were carried out as described previously (20, 28, 41) .
Mutant construction. For construction of B. subtilis knockout mutants, the PCR synthesis method of marker cassettes with long flanking homologous regions was used (51) . For generation of B. subtilis conditional mutants, the pX vector (26) was used for target insertion into the amyE site. The genes sufU and sufB (formerly yurV and yurU) were amplified using Phusion HF DNA polymerase (New England Biolabs), introducing a 5Ј SpeI and a 3Ј BamHI restriction site into the PCR product. The products were digested with BamHI and SpeI, ligated into the pX vector, and transformed into E. coli TOP10 cells. The vector with insert was transformed into B. subtilis 168 without digestion. Correct insertion of the constructs into the amyE site and deletion of the original loci were verified by PCR. The list of primers is available by request.
Cloning, heterologous expression, and purification of SufU and SufS. The genes sufU (yurV) and sufS (csd) were amplified via PCR from the chromosomal DNA of B. subtilis 168. The sufU gene was amplified with Phusion HF DNA polymerase (New England Biolabs), introducing a 5Ј BamHI and a 3Ј XhoI restriction site into the PCR product. The product was digested with BamHI and XhoI, ligated into the pET28a(ϩ) vector, and transformed into E. coli TOP10 cells, to obtain a sufU construct with an N-terminal His 6 tag. The sufS gene was amplified without introduction of restriction sites with Phusion HF polymerase. After purification the PCR product was treated for 15 min with Taq polymerase and dATP at 72°C to introduce A overhangs. The product was then cloned into the pTrcHis-TOPO vector (Invitrogen) following the manufacturer's instructions and transformed into E. coli TOP10 cells to obtain a sufS construct with an N-terminal His 6 tag. The correct sequences of all plasmid inserts were confirmed by DNA sequencing (GATC Biotech).
For expression the constructs were transformed into E. coli BL21(DE3) cells. Recombinant proteins were overproduced by inducing the cultures at an optical density at 600 nm (OD 600 ) of 0.5 to 0.7 with 0.5 mM IPTG (isopropyl-␤-Dthiogalactopyranoside) for 4 h at 37°C. After harvesting, the cells were resuspended in buffer A (50 mM HEPES, 300 mM NaCl, pH 8.0) and disrupted using a French press (Sim Aminco) at 10,000 lb/in 2 . After the cell debris was removed (centrifugation at 34,000 ϫ g at 4°C), the supernatant was loaded on a nickelnitrilotriacetic acid (Ni-NTA) column (Qiagen). Elution was performed with a linear gradient (0 to 100%) of buffer B (50 mM HEPES, 300 mM NaCl, 250 mM imidazole, pH 8.0), at a flow rate of 1 ml per min over 50 min using a fastperformance liquid chromatography (FPLC) system (Amersham Pharmacia Biotech) or an Ä kta Prime or Ä kta purifier system (GE Healthcare). The sample fractions were analyzed by SDS-PAGE, and the fractions with the highest protein yields were pooled. The pooled fractions were concentrated and dialyzed using Amicon Ultra-15 centrifugal filter units (Millipore) with a 10-kDa (SufU) or 30-kDa (SufS) molecular mass cutoff. The protein concentrations were determined using Bradford solution with bovine serum albumin (BSA; Roth) as an internal standard.
The yeast Leu1 protein was overproduced and purified as described previously (35) .
Site-directed mutagenesis of SufU. The introduction of an aspartate (D)-toalanine (A) mutation in position 43 of B. subtilis SufU was performed using a modified QuikChange protocol (55) . In addition to the desired mutation, a silent mutation introducing a HindIII restriction site was introduced for mutant selection. The modified plasmid was transformed into E. coli TOP10, and the correct mutation was confirmed by DNA sequencing (GATC Biotech). Recombinant SufU D43A was expressed in E. coli BL21(DE3) cells. Cells were grown at 37°C to an OD 600 of 0.5 to 0.7, after which the temperature was shifted to 18°C and the expression was induced with 0.1 mM IPTG overnight. The protein was purified as described above.
Aconitase activity assay. Cells were grown in minimal medium to an OD 600 of 0.4. Fifty milliliters of the culture was pelleted, resuspended in 1 ml buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl), and disrupted by sonication. Cell debris was removed by centrifugation (16,000 ϫ g, 4°C), and the clear lysate was used for activity measurement. Aconitase activity was tested using a coupled assay with isocitrate dehydrogenase (from porcine heart; Sigma-Aldrich). The reaction was performed four times independently at microscale using a Tecan Infinite M200 microplate reader. To a solution of cis-aconitate (0.2 mM), isocitrate dehydrogenase (0.4 U/ml), and NADP (1 mM) in buffer (100 mM triethanolamine, pH 8.0, 1.5 mM MgCl 2 , 0.1% [vol/vol] Triton X-100), ϳ10 g of total crude extract protein was added to a total reaction volume of 100 l. The activity was measured by the absorption of converted NADPH at 340 nm (13, 19, 40) .
Malate dehydrogenase activity assay. Cells were grown in minimal medium to an OD 600 of 0.4. Fifty milliliters of the culture was pelleted, resuspended in 1 ml buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl), and disrupted by sonication. Cell debris was removed by centrifugation (16,000 ϫ g, 4°C), and the clear lysate was used for activity determination. The activity of malate dehydrogenase was measured by following the consumption of NADH spectroscopically at 340 nm. The reaction was performed four times independently at microscale using a Tecan Infinite M200 microplate reader. The total reaction volume was 100 l. To 0.1 mg/ml NADH and 0.05 mg/ml oxaloacetate in buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl), ϳ10 g of total crude extract protein was added, and the decrease in absorption at 340 nm was measured (27) .
Succinate dehydrogenase activity assay. Cells were grown in minimal medium to an OD 600 of 0.4. Fifty milliliters of the culture was pelleted, resuspended in 1 ml buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl), and disrupted by sonication. The whole-cell crude extract containing the membrane fraction was used. To measure the activity of succinate dehydrogenase, the artificial electron acceptor dichlorophenol-indophenol (DCPIP) was used. The reaction was performed four times independently at microscale using a Tecan Infinite M200 microplate reader. To a solution of 0.25% (wt/vol) succinate in buffer (50 mM Tris-HCl, pH 7.4, 0.1 mM EDTA, 1 mM KCN, 70 M DCPIP, 0.1% [vol/vol] Triton X-100), ϳ10 g of total crude extract protein was added to a total reaction volume of 100 l, and the absorption change at 600 nm was measured (18) . The specificity of the reaction was confirmed by adding malonate to a final concentration of 0.25% (wt/vol) as inhibitor.
Cysteine desulfurase assay. Cysteine desulfurase activity of SufS was measured by the amount of released sulfide from cysteine. Sulfide detection was performed with N,N-dimethyl-p-phenylenediamine sulfate (DMPD) and FeCl 3 as previously described (44) . An 0.5 M concentration of SufS was preincubated without or with 10 M SufU in Csd buffer (100 mM Tris-HCl, pH 8.0, 30 mM KCl, 0.5 mM dithiothreitol [DTT]) for 5 min. The reaction was started by the addition of L-cysteine to a final concentration of 2.5 mM in a total reaction volume of 800 l. The reaction was stopped after 10 min by the addition of 100 l DMPD (20 mM in 7.2 M HCl) and 100 l FeCl 3 (30 mM in 1.2 M HCl). The mixture was incubated for 30 min in the dark, and the absorption was measured at 650 nm.
Anaerobic work. Anaerobic work was performed in an anaerobic chamber (Coy Laboratories) with a forming gas (95% N 2 /5% H 2 ) atmosphere. Solutions were made anoxic by purging them with forming gas overnight. Solutions and plastic ware were allowed to equilibrate Ͼ6 h inside the chamber before usage. DTT (final concentration range from 0.5 to 5 mM) was added in all buffered solutions.
Iron-sulfur cluster reconstitution. SufU (50 M, 1 mg/ml) was reduced anaerobically with 5 mM DTT in PD-10 buffer (25 mM Tris-HCl, 100 mM NaCl, pH 8.0) for 1 h, prior to the addition of Fe 3ϩ or S 2Ϫ
. After this pretreatment, FeCl 3 or ferric ammonium citrate was added in a stoichiometry of 5:1, 4:1, 2:1, or 1:1 (iron to protein) and incubated for approximately 10 min until the observed color change to red was stable. An equal amount of Li 2 S was added slowly, and the sample was incubated for 15 min before unbound iron and sulfide were removed via chromatography over a PD-10 column equilibrated in PD-10 buffer with 0.5 mM DTT.
The UV/visible (UV/Vis) spectra were recorded on a Jasco V-550 spectrometer, and the determination of bound iron and acid-labile sulfide was carried out as described elsewhere (7).
Reconstitution of the Fe/S cluster on SufU with SufS, iron, and cysteine was carried out by preincubating 50 M SufU with 0.5 M SufS in reconstitution buffer with 5 mM DTT for 1 h. Ferric ammonium citrate was added to a final concentration of 250 M and incubated until the color change was stabilized. Then, L-cysteine was added to a final concentration of 5 mM and the mixture was incubated for 30 min. Cluster formation was detected spectrophotometrically.
Leu1 activation assay. The apo form of isopropylmalate isomerase (apo-Leu1) (25 M) was reduced with 5 mM DTT in the anaerobic chamber for at least 1 h before the assay was started. The Leu1 activation assay mixtures contained 2.45 M Leu1, 5 mM DTT, 50 mM Tris-HCl, pH 8.0, and 150 mM NaCl in a total volume of 250 or 500 l. The concentration of reconstituted SufU was determined, and holo-SufU was added in a molar ratio of 2:1 to Leu1 to initiate the activity assays. Ten-microliter aliquots of the assay mixture were taken at various time points and tested for the ability to convert (2R,3S)-3-isopropylmalate to dimethylcitraconate (ε 235 ϭ 4.35 mM Ϫ1 cm Ϫ1 ) (16) . In a parallel experiment, the same amount of Fe 3ϩ and S 2Ϫ (13.3 M each) present in the reconstituted and desalted SufU protein was added to apo-Leu1 and tested for Leu1 enzyme activity reactivation.
RESULTS
Genetic organization of the suf operon in B. subtilis. The B. subtilis genome was searched by pBLAST analysis with the protein sequences of the E. coli ISC and SUF systems in order to identify homologous components for Fe/S cluster biogenesis. According to a recent report (39) , only a suf gene cluster is present encoding proteins with high homology to these components (Table 2) . Hence, the yurY-yurX-csd-yurV-yurU genes of this cluster were named sufCDSUB (Fig. 1A) . In contrast to the E. coli suf gene cluster, no sufE gene was found in B. subtilis. The SufU (YurV) protein sequence shows significant differences from alignments of IscU-type scaffold protein sequences (24) . First, the LPPVK motif essential for HscA interaction was found to be absent. Second, a 19-amino-acid insertion is present between the second and third conserved cysteine residues which discriminates SufU from IscU and NifU sequences. Third, a conserved lysine replaces the IscU typical histidine directly at the N-terminal side of the third conserved cysteine. A further suf-related gene, yutM, with low VOL. 192, 2010 BACILLUS SUBTILIS SufU PROTEIN 1645
on September 22, 2017 by guest http://jb.asm.org/ but significant homology with sufA, is located outside the sufCDSUB cluster (Table 2) . Thus, B. subtilis has at least two potential Fe/S cluster scaffold proteins: SufU and SufA (yutM).
We therefore compared the functional importance of these two genes.
The sufU gene is crucial for growth of B. subtilis. Since direct deletion of the sufU gene was not possible, indicating its essentiality, a sufU conditional mutant was constructed. After integration of an intact gene version under the control of the xylR-dependent promoter into the amyE site (26), deletion of sufU at its original locus was possible. The conditional mutant showed a drastically reduced growth in minimal medium when inoculated from fresh LB plates. This phenotype could be reverted by the addition of 1% (wt/vol) xylose (Fig. 1B) . The growth in LB medium was also strongly diminished (60 to 80% of wild-type [WT] growth rate) but, however, not upon addition of xylose (not shown). Thus, the strictly xylose-dependent growth of the mutant revealed that sufU fulfills an essential function under vegetative conditions.
In contrast, deletion of sufA was successful. The resulting ⌬sufA mutant did not show any significant growth defect compared to wild-type cells (Fig. 1C) . It was previously shown that, under aerobic growth conditions, E. coli SufA is required for assembly of [4Fe-4S] proteins such as ThiC, endonuclease III, and aconitase B (47) . In the case of aconitase, which is necessary to provide ␣-ketoglutarate as a precursor for glutamate, supplementation with glutamate restored wild-type growth. As shown in Fig. 1C , omission of glutamate in B. subtilis ⌬sufA mutant cultures had no significant effect on growth, excluding an essential function of B. subtilis sufA in aconitase maturation. Thus, B. subtilis sufA was not found to be essential under minimal growth conditions, distinguishing it from the E. coli A-type scaffold proteins.
SufU is essential for the activity of proteins containing Fe/S cofactors. To investigate the influence of a SufU deficiency on the activities of Fe/S-dependent proteins, three enzymes of the Krebs cycle were tested: aconitase, containing a [4Fe-4S] cluster; succinate dehydrogenase, containing [2Fe-2S], [3Fe-4S], and [4Fe-4S] clusters; and the non-Fe/S enzyme malate dehydrogenase. Enzyme activities were determined in cell lysates of the WT and the SufU-depleted mutant. As shown in Fig. 2 , the Fe/S-dependent enzyme activities were found to be two-to fourfold lower in the sufU mutant than in wild-type cell lysates. As a control, the malate dehydrogenase activity was not significantly affected in the sufU conditional mutant lysate. In contrast, the enzyme activities in the sufA mutant were not found to be lower than those in the wild type. Thus, only SufU deficiency had drastic consequences for the activities of Fe/S cluster-containing proteins of B. subtilis, suggesting a crucial function of SufU in Fe/S protein biogenesis.
SufU binds a labile Fe/S cluster under anaerobic conditions in vitro. SufU was recombinantly produced in E. coli as a fusion protein with an N-terminal His 6 tag and purified using Ni-NTA columns. About (Fig. 3) . The broad shoulder at 400 nm, a typical feature of [4Fe-4S] 2ϩ clusters, disappeared almost completely upon reduction with 2 mM dithionite (not shown). The same spectroscopical features were also present, albeit with decreased intensity, when the reconstitution was carried out using less of Fe 3ϩ and S 2Ϫ (1 or 2 equivalents; Fig.  3 ). The type of Fe/S cluster could not be determined by electron paramagnetic resonance (EPR), probably due to the instability of the cluster upon reduction with dithionite, even after rapid exposure and shock freezing. Also Mössbauer spectroscopy could not be pursued, since the reconstituted protein could not be concentrated without precipitation.
Determination of nonheme iron and acid-labile sulfide in reconstituted and subsequently desalted SufU showed that the total amount of bound Fe/S cluster increased as a function of the molar excess of Fe 3ϩ and S 2Ϫ used in the reconstitution assay up to 1.5 iron and 1.5 sulfide ions per monomer SufU (Table 3) . We conclude that SufU can bind an Fe/S cluster in a labile fashion.
Recombinant SufU D43A protein can be purified with an Fe/S cluster. It is known that in truncated NifU (and IscU) (15, 33, 38, 54) substitution of the conserved aspartate residue 37 near the first conserved cysteine residue (position 35) leads to morestable Fe/S cluster association and higher resistance to oxygen damage. In order to analyze the effect of substitution of this conserved residue in B. subtilis SufU, the respective mutant protein (SufU D43A ) was recombinantly produced in E. coli and purified with a yield of about 6 mg protein per liter culture. Interestingly, when purified under aerobic conditions, SufU D43A was found to carry an Fe/S cluster (Fig. 4) showing a higher Fe/S cluster stability. The iron and sulfide content was 0.15 per monomer, indicating an incomplete Fe/S cluster loading during heterologous production. The protein was found to precipitate during concentration or desalting when salt concentrations in the buffer were below 300 mM or when imidazole or DTT was omitted. Even in the presence of DTT or imidazole, the protein is not stable and precipitates after a short time. This suggests that imidazole or DTT could stabilize the Fe/S cluster in SufU D43A by supplying an external cluster ligand, since similar phenomena were observed after Ni-NTA purification or chemical reconstitution with buffer containing DTT in cysteine mutants of some Fe/S proteins (4). In vitro reconstitution of SufU D43A did not result in clearly interpretable UV/Vis spectra. Thus, despite the increased Fe/S cluster stability it was impossible also for this protein to determine the type of Fe/S cluster. The instability of the mutant protein prevented further activity assays. 
FIG. 3. UV/visible absorption spectrum of reconstituted holo-SufU
shows spectral features similar to those for known Fe/S cluster proteins. SufU was reconstituted by using FeCl 3 and Li 2 S in one-to fourfold molar excesses over SufU as indicated in 50 mM Tris, 150 mM NaCl, pH 8.0. The UV/visible absorption spectra were recorded. The inset shows spectra of SufU after reconstitution without and with reduction (*) with 2 mM sodium dithionite. The holo form of SufU can activate Leu1 isopropylmalate isomerase. To analyze if holo-SufU was able to donate its chemically assembled Fe/S cluster to an Fe/S-dependent target protein, in vitro cluster transfer assays were performed. The isopropylmalate isomerase Leu1 from Saccharomyces cerevisiae requires a [4Fe-4S] cluster to convert (2S)-2-isopropylmalate into (2R,3S)-3-isopropylmalate (23, 35) . Incubation of inactive apo-Leu1 with reconstituted SufU led to rapid and efficient reconstitution of Leu1 activity (Fig. 5A) . The efficacy of SufU-dependent reconstitution is particularly evident from a comparison with the reconstitution rates and efficiencies of chemical Leu1 reconstitution, which is slow and, even after longer incubation times, inefficient (5% compared to SufU). In a different experiment, apo-Leu1 incubation with SufU reconstituted with one-, two-, or fourfold molar equivalents of Fe 3ϩ and S 2Ϫ was analyzed. As shown in Fig.  5B , reconstitution of Leu1 activity was dependent on the amount of Fe/S cluster present on SufU. Increasing the amounts of Fe and S resulted, as observed by UV/Vis spectrometry, in substantial [4Fe-4S] cluster reconstitution on Leu1. These results suggest that SufU binds a labile Fe/S cluster which can be rapidly and efficiently transferred to a suitable acceptor. SufU therefore fulfills the criteria of an Fe/S scaffold protein.
SufU functionally cooperates with the cysteine desulfurase SufS. To investigate the possible interaction of SufU with its predicted sulfur donor protein, the cysteine desulfurase SufS, a 49.8-kDa protein, was recombinantly produced in E. coli as an N-terminal His 6 tag fusion and purified with yields up to 8 mg/ liter culture. Analysis of the UV/Vis absorption spectrum revealed that the pyridoxal-5Ј-phosphate cofactor was bound to the protein (not shown). The activity of SufS was determined by measuring the amount of sulfide released from L-cysteine 10 min after the start of the reaction. The amount of released sulfide was determined by using N,N-p-phenylenediamine, which results in formation of methylene blue as previously described (44) . While SufS alone exhibited only a weak enzymatic activity, the specific activity was drastically increased when apo-SufU was added to the assay (Fig. 6A) . In contrast, holo-SufU led only to much weaker activation of SufS. Thus, apo-SufU stimulates the cysteine desulfurase activity of SufS, suggesting that SufS could act as a cognate partner of apo-SufU during Fe/S cluster assembly. To test this, we tested whether cluster reconstitution on SufU was possible in a SufS-dependent manner. SufU was preincubated with iron and then incubated with L-cysteine and SufS, which indeed resulted in Fe/S cluster formation (Fig. 6B) . Thus, in the presence of excess cysteine, SufS can act as a sulfide donor for SufU during Fe/S cluster assembly in vitro.
DISCUSSION
In this study, the SUF system for Fe/S cluster biogenesis was identified and characterized as an essential system in B. subtilis. In contrast to the E. coli SUF system, which is under the control of the iron-dependent Fur regulator (14) , SUF seems to represent the "housekeeping" Fe/S biogenesis system in B. subtilis, since the B. subtilis SUF system was identified as the only complete Fe/S biosynthesis machinery present in the genome and was further not found to be part of the Fur regulon, which was characterized previously (6) . So far, the factors involved in regulation of the SUF system in Bacillus subtilis are unknown. Interestingly, the exclusive presence of SUF seems to be a general feature within the Firmicutes phylum of Gram-positive bacteria, as recently indicated (39) . Regarding its components, the B. subtilis SUF machinery resembles that which is encoded in Thermotoga maritima, Enterococcus faecalis, and mycobacterial genomes, consisting of a SufU scaffold protein, a SufS cysteine desulfurase, and the SufBCD energy complex (22, 37, 39) . A SufE component is not present in these bacteria which, in contrast, is essential in E. coli for sulfide transfer to their scaffold protein(s) (29, 36) . Thus, interestingly, SufE and SufU components were not found to be encoded together in the same genome so far, which may indicate distinct phylogenetic routes during the evolution of SUF systems. Further, regulatory proteins like IscR or SufR, which are part of the ISC or cyanobacterial SUF systems, are generally missing in SUF systems of Firmicutes genomes (39) .
In addition to the SUF system, there are other potential Fe/S cluster biogenesis proteins encoded in the B. subtilis genome such as cysteine desulfurases NifS and NifZ involved in NAD and thiamine biosynthesis, respectively. Furthermore, the partial NfuA homolog YutI, which might act as an additional scaffold protein (3, 8) , and YrvM, a homolog of CsdL that is possibly involved in Fe/S cluster biogenesis in E. coli (50) , can be found.
Genetic analysis of the B. subtilis SUF system revealed that deletion of the sufU gene causes a lethal phenotype. Without addition of xylose, growth of the sufU conditional mutant was not observed in minimal medium. In LB medium a reduced growth was observed. In contrast, mutational studies of scaffold proteins in the E. coli ISC and SUF systems revealed that no single gene deletion of either iscA, iscU, or sufA led to a lethal phenotype. An ⌬iscA/⌬sufA mutant did not grow on minimal medium under aerobic conditions but was able to grow under anaerobic conditions (32) , while an ⌬iscSUA mutant could be rescued on minimal medium by addition of nicotinic acid and thiamine, and this phenotype was essentially associated with the deletion of iscS (49) . This indicates that the Fe/S biogenesis machinery in E. coli is more flexible in a way that several components from the different systems may complement each other. The essentiality of distinct components seems to be closely associated with environmental conditions such as aerobic or anaerobic growth or sensitivity to oxidative stress or iron limitation. In B. subtilis, the absolute requirement for sufU reflects the constitutive role of the SUF machinery in this bacterium, in particular since no further Fe/S biogenesis components independent of the SUF machinery were found in its genome. Still we cannot exclude the existence of further systems which are activated under conditions interfering with Fe/S assembly such as oxidative stress or iron limitation.
Although U-type scaffold proteins from ISC systems have been characterized in previous studies, no biochemical characterization was reported for a SufU-type scaffold. The present study shows that the SufU scaffold protein is both similar to and characteristically different from other U-type scaffolds such as E. coli and A. vinelandii IscU. All U-type scaffolds can bind an Fe/S cluster after chemical reconstitution. In the case of SufU the UV/Vis spectra and Leu1 cluster transfer assays suggest the binding of a [4Fe-4S] cluster, but the lack of further spectroscopic data prevents a final definition of the cluster type. The SufU D43A variant, but not the wild-type protein, was purified aerobically with an Fe/S cluster, which indicates that the mutation led to stabilization of the Fe/S cluster, similarly to what was found for NifU and IscU. The remaining Fe/S cluster instability of SufU D43A , on the other hand, may indicate that its binding is possibly dependent on external ligands, such as imidazole or DTT.
The function of SufU in Fe/S cluster biogenesis was indicated by several observations of this study. The activity of Fe/S cluster-containing aconitase and succinate dehydrogenase was strongly reduced in sufU mutant cell lysates. In vitro reconstitution indicated the presence of an Fe/S cluster on SufU which could be transferred to apo-Leu1 to gave rise to in vitro cluster formation on the [4Fe-4S]-dependent Leu1 and to catalytic activation of the apo-enzyme. In conclusion, SufU may preferentially assemble Fe/S clusters under quasianaerobic and reductive conditions in vivo and provide them to most of the cellular target enzymes, which likely explains its essential func- tion. Without further structural knowledge, it is speculative if the cluster is bound equally between the SufU protomers or is bound on one protein while being protected by other SufU units, as described for IscU from Aquifex aeolicus (43) . The strong activation of SufS by the presence of apo-SufU indicates an interactive mode between these proteins. B. subtilis SufU led to a strong activation of the SufS enzymatic function by a factor of 40. No activation was observed when holo-SufU was added. In comparison, E. coli SufE activates SufS by a factor of 8, and the addition of SufBCD to SufS further increases the activity by a factor of 32, without the addition of a scaffold protein (29, 36, 42) . The successful reconstitution of SufU in the presence of SufS as a sulfur donor may give an additional hint that SufU directly interacts with SufS, which is even more likely since a mediator component such as SufE seems not to be present in B. subtilis. Since SufU preincubated with iron led to formation of the putative [4Fe-4S] cluster in the presence of active SufS and cysteine, this might lead to the suggestion that iron binding could precede sulfide transfer during the cluster assembly process, supporting a "first Fe, second S" model. However, since investigation of cluster assembly during the "Јinverse" experiment by incubating presulfurated SufU with iron was not possible due to FeS precipitation, this does not exclude that the order of assembly could also proceed according to a "first S, second Fe" model.
In contrast to the essential sufU, the deletion of sufA did not result in any significant phenotype under the tested growth conditions. Also, the activity of the tested iron sulfur proteins was not reduced. Although, for example, in E. coli at least one A-type scaffold is necessary for growth, these proteins are generally regarded to assemble specific Fe/S proteins (24, 32, 47, 52) . Therefore, it might be possible that the SufA function is crucial under specific stress, growth, or development conditions of the cells.
